To examine the effect of pathogens on the diversity and structure of plant-associated bacterial communities, we carried out a molecular analysis using citrus and huanglongbing as a host-disease model. 16S rRNA gene clone library analysis of citrus roots revealed shifts in microbial diversity in response to pathogen infection. The clone library of the uninfected root samples has a majority of phylotypes showing similarity to well-known plant growth-promoting bacteria, including Caulobacter, Burkholderia, Lysobacter, Pantoea, Pseudomonas, Stenotrophomonas, Bacillus, and Paenibacillus. Infection by "Candidatus Liberibacter asiaticus" restructured the native microbial community associated with citrus roots and led to the loss of detection of most phylotypes while promoting the growth of bacteria such as Methylobacterium and Sphingobacterium. In pairwise comparisons, the clone library from uninfected roots contained significantly higher 16S rRNA gene diversity, as reflected in the higher Chao 1 richness estimation (P < 0.01) of 237.13 versus 42.14 for the uninfected and infected clone libraries, respectively. Similarly, the Shannon index of the uninfected clone library (4.46) was significantly higher than that of the infected clone library (2.61).
Plants synthesize an almost infinite range of carbonaceous compounds by capturing energy from sunlight and utilizing this for the reduction of carbon contained in atmospheric CO 2 . These photosynthates provide carbon, nitrogen, and energy sources and make plants excellent ecosystems for microorganisms, particularly bacteria (14) . Plants themselves can be divided into different microenvironments, and conditions differ considerably between the highly variable aerial plant parts and the more-stable root system (51) . Microbes interact with plant tissues and cells with different degrees of dependence and have developed several strategies for adapting to the plant environment. Plant-microbe interactions include competition, commensalism, mutualism, and parasitism (14, 34, 39) . The microbial community structure of plant-associated bacteria changes in response to a variety of processes, and these variations have been suggested to affect ecosystem processes (e.g., nutrient recycling, decomposition) or the effectiveness of microbial invasion (e.g., growth of pathogens, release of plant growthpromoting rhizobacteria) (11, 30, 31) .
Losses caused by plant pathogens have been and remain important constraints on efforts to increase plant production and productivity worldwide. Among the bacterial pathogens, the most intensively studied members belong to the phylum Proteobacteria (for example, Agrobacterium, Erwinia, Pseudomonas, Ralstonia, and Xanthomonas) (1) . These pathogens are spread by wind, rain, insects, or cultivation practices and enter plant tissues either through wounds or natural openings. Plantpathogenic bacteria of the phylum Proteobacteria cause diverse disease symptoms and cause host cell death in various plant parts. These symptoms affect both the yield and the quality of the plant produce and can have various effects on the economy and society (42) . Only a few studies have examined the influence of phytopathogens on the microbial diversity of plantassociated bacteria (2, 28, 29, 33, 48) .
Although extensively studied, pathogenic interactions represent only a fraction of the overall plant-microbe interactions. In fact, out of 5,806 known bacterial species in about 1,094 genera, plant-pathogenic bacteria are recorded only in 132 species in 29 genera (49) . The majority of plantmicrobe interactions are either commensalistic or mutualistic (3, 37, 43) . Plants can benefit from these bacterial associations in terms of growth enhancement, nutrient uptake, and/or stress reduction (41) . The diversity and stability of the plant-associated bacterial communities heavily influence soil and plant quality and ecosystem sustainability (20, 27, 31) . Much of the basic information regarding the community structure of plant-associated bacteria, their principal functions, their relative ecological stability, and the organizing forces that govern their continuity is still lacking. Also, the interactions between plant-associated bacterial communities and phytopathogens are not well understood, and our knowledge of the intimacy and decisiveness of such associ-ations with respect to the behavior and survival of participating organisms is still in its infancy.
Theoretically, plants interact simultaneously with different groups of bacteria via compounds exuded by the roots (3). However, it has been suggested that plants can specifically attract bacteria for their own ecological and evolutionary benefit (3, 39, 41) . This selection process allows the recruitment of different groups of plant-associated bacteria possessing general plant growth-promoting traits. Once recruited, these bacteria undergo host-specific adaptations, the outcome of which is a highly specialized mutualism (24) . Such mutualism may make plants better able to tolerate plant-associated bacteria without recognizing them as pathogens, while the bacteria, in turn, become more responsive to the plant's metabolism. We hypothesize that the introduction of pathogens to this finely tuned system will impact plant-associated microbes and can result in a shift in the structure of the microbial community. The pathogen can mediate this restructuring by various mechanisms, which include microbial cross talk, competition for nutrients and space, production of metabolites, and/or changes in the niche environment. Description of microbial diversity and its variation, or the assessment of the factors structuring the composition of the community in the plant, would provide insights into the ecological behavior of pathogenic bacteria in the context of the other microorganisms present in the same niches.
Because of its enormous economic importance, one aspect of plant-microbe interactions that has been extensively studied is the plant-pathogen interaction. Most of the studies in this field have been directed toward a better understanding of the molecular mechanisms of disease induction by the pathogen and defense responses by the plants (15, 19) . However, very few studies have investigated the effect of plant pathogens on microbial diversity. The goal of this study is to attain a better understanding of how plant pathogens affect microbial diversity. In the current study, we have used citrus as the model, because citrus has a long life and is usually maintained for more than 20 years in the citrus grove. Thus, the microbial diversity in citrus is expected to be stable and mature. Also, the microbial diversity associated with citrus roots has not been reported in the literature.
To test our hypothesis, we have evaluated the effect of citrus huanglongbing (HLB, or citrus greening) in relation to changes in the native microbial community of citrus roots. HLB is associated with three species of phloem-limited, Gram-negative, fastidious alphaproteobacteria (5) . A comprehensive study of bacterial diversity associated with HLB diseased trees has indicated that "Candidatus Liberibacter asiaticus" was the only pathogen responsible for HLB disease in Florida (38, 45) . HLB was found in Florida in 2005. Because of its relatively recent entry in Florida, we postulate that exposure of citrusassociated bacteria to HLB is at a juvenile stage. This is in contrast to the situation for some other well-established pathogens to which plants have been exposed previously; in such cases, microbial diversity has been changed due to host response or other factors. To achieve our goal, we have undertaken community profiling of the plant-associated bacteria of citrus root samples, both those infected with the HLB pathogen and uninfected samples, by sequence analysis of 16S rRNA gene libraries. Bacterial community sizes were compared using taxon-specific quantitative real-time PCR (qPCR). This study will provide information about interspecies relationships that could be exploited through biotechnology for the management of plant diseases.
MATERIALS AND METHODS
Sample collection. Root samples were collected from Valencia orange (Citrus sinensis) trees (3 each) identified as HLB symptomatic or asymptomatic on the basis of visible symptoms in a heavily infected grove at Fort Pierce, Florida. Root segments were collected from the stem base with a shovel at a depth of 5 to 15 cm. The samples were brought to the lab in a cooler with ice in November 2008 and were processed immediately.
Sample processing. Roots were washed with tap water to remove attached soil. Subsequently, the roots were immersed in 70% ethanol for 3 min, washed with fresh sodium hypochlorite solution (2.5% available Cl Ϫ ) for 5 min, rinsed in 70% ethanol for 30 s, and finally washed five times with sterile distilled water. To assess surface sterility, 100-l aliquots of the final rinse water were spread on tryptone yeast extract (TYA) agar plates. The plates were examined for bacterial growth after incubation at 28°C for 3 days. An additional 1-ml aliquot of the final wash water, boiled to release DNA, was assessed using eubacterial primers (799F and 1492R) the PCR procedure as outlined in the following sections. Samples that were not contaminated, as determined by both culture-dependent and PCRbased sterility tests, were used for further analysis.
Total-DNA extraction. DNA was extracted from root samples using the Wizard genomic DNA purification kit (Promega Corp., Madison, WI) by following the protocol for isolating genomic DNA from plant tissue. The DNA pellet was dried in a Vacufuge (Eppendorf, Westbury, NY) for 15 min and was then dissolved in 100 l of DNA rehydration solution (Promega).
Detection of "Ca. Liberibacter asiaticus." PCR using primers A2 and J5 was performed to confirm the presence of "Ca. Liberibacter asiaticus" in the samples (17) ( Table 1 ). All PCRs in this study were performed in a DNA Engine Peltier thermal cycler (Bio-Rad Laboratories, Hercules, CA). Amplification of DNA was determined by electrophoresis on 1.2% agarose gels for about 30 to 45 min and was visualized by ethidium bromide staining.
All qPCR assays were performed in a 96-well plate using an ABI Prism 7500 sequence detection system (Applied Biosystems, Foster City, CA). The CQULA04F-CQULAP10P-CQULA04R primer-probe set was used to target the ␤-operon region of "Ca. Liberibacter asiaticus," and qPCRs were performed under conditions described previously (47) ( Table 1 ). Each individual sample was replicated four times on a 96-well plate, and the whole reaction was repeated twice to verify the consistency of the method. The results were analyzed using ABI Prism software. Raw data were analyzed using the default settings (threshold, 0.2) of the software. The standard equation developed by Trivedi et al. (46) was used to convert the individual threshold cycle (C T ) values into quantification of the bacterial population as cells per microgram of total tissue DNA.
Amplification of the bacterial 16S rRNA genes. Bacterial primers 799F and 1492R (6) ( Table 1) were used to amplify partial 16S rRNA genes from the samples. These primers can successfully differentiate between bacterial rRNA genes from chloroplast DNA and mitochondrial products. The 50-l PCR mixture contained 100 ng of DNA extract, 1ϫ Taq reaction buffer, 20 pmol of each primer, 200 M each deoxynucleoside triphosphate (dNTP), and 1.5 U of Taq DNA polymerase (Promega). The DNA was amplified by using gradient PCR (Table 1) , and products of all 12 temperatures on the gradient belonging to one sample type (e.g., the uninfected root of tree 1) were pooled before electrophoresis. The band of approximately 735 bp in the electrophoresis pattern was excised from an agarose gel and purified by the Wizard SV gel and PCR cleanup system (Promega) as described by the manufacturer.
Construction of a 16S rRNA gene clone library. The PCR products were immediately cloned into the pCR2.1-TOPO TA cloning vector and were then transformed into chemically competent Escherichia coli TOP10 cells (Invitrogen, Carlsbad, CA). Transformed cells were plated onto Luria-Bertani (LB) agar plates with ampicillin (100 g liter Ϫ1 ) and kanamycin (10 g liter Ϫ1 ). Plates were incubated overnight at 37°C and were then stored at 4°C for 24 h. Transformants were screened by blue/white colony selection, and individual white colonies were inoculated into 96-well culture blocks (Eppendorf) containing 1 ml of freezing medium (LB broth with 10% [vol/vol] anhydrous glycerol, 25 g liter Ϫ1 ampicillin, and 12.5 g liter Ϫ1 kanamycin) per well. The blocks were incubated at 37°C for 16 h on a rotary shaker at 200 rpm. A 150-l aliquot of grown cultures was then transferred to sterile 96-well microtitration plates (Corning Inc., NY) for sequencing. Plates were sealed with 3428 TRIVEDI ET AL. APPL. ENVIRON. MICROBIOL.
aluminum seal tape (Eppendorf), and both the blocks and the plates were stored at Ϫ80°C. Sequencing was performed using the M13 forward (Ϫ20) primer at the sequencing facility of the Interdisciplinary Center for Biotechnology Research at the University of Florida. Taxonomic assignment and phylogenetic analysis. The presence of possible chimeric sequences was investigated by using the CHIMERA_CHECK program of Ribosomal Database Project II (RDP II) (7). The taxonomic hierarchy of the sequences in each library was determined using the RDP classifier tool with a confidence level of 80% (http://rdp.cme.msu.edu/). Based on this percentage of similarity, taxonomic assignments were then made. The similarity cutoff values were 75%, 85%, 91%, 92%, 95%, and 100% for phylum, class, order, family, genus, and species designations, respectively. Clone libraries were compared using the RDP Library Comparing tool. Comparison was performed on the phylum level (on both the phylum and class levels for Proteobacteria) with a confidence level of 80%. All the sequences obtained were then compared with the sequences in the GenBank/EMBL/ DDBJ database by using the BLASTN search program (http://blast.ncbi.nlm .nih.gov). An operational taxonomic unit (OTU) was defined as a group with Ն97% identity in the rRNA gene sequences according to the conventional definition of a microbial "species" (36) .
Species richness estimation and diversity. All species richness and diversity index estimations were performed using the FASTGroupII program, with a default of 80% similarity in the sequence match (50) (http://biome.sdsu.edu /fastgroup/fg_tools.htm). Each sequence was treated as a separate sample. Poorquality sequences and chimeras were removed from all groups. The diversity of the clone library was also investigated by rarefaction analysis. Rarefaction curves were calculated using the freeware program aRarefactWin (18) . To examine the differences in the compositions of bacterial communities, principal coordinate analysis (PCA) using UniFrac (25) was performed. First, a phylogenetic tree was constructed for the 16S rRNA gene sequences using the neighbor-joining method. The phylogenetic tree and the environment file were subsequently uploaded to UniFrac (http://bmf2.colorado.edu/unifrac/index.psp). To determine the significance of differences between the infected and uninfected clone libraries, LIBSHUFF software was used (http://libshuff.mib.uga.edu/) (40) . The Table 1) . qPCRs were carried out on DNAs extracted from different root samples by using Absolute qPCR SYBR green mixtures (Qiagen Inc., CA) on an ABI Prism 7500 sequence detection system. Known template standards were made from plasmids containing previously characterized fulllength 16S rRNA gene inserts. Standard curves were run in parallel, corresponding to a range of 10 8 to 10 1 copies per l. Standard curve regression coefficients were consistently above 0.99, and melting curve analysis verified the presence of a single amplicon per reaction. Samples and standards were assessed in at least two different runs to confirm the reproducibility of the quantification. Target copy numbers for each reaction were calculated from the standard curve and were used to ascertain the number of copies per microgram of DNA. The relative fractional abundance for each of the groups was calculated by determining the copy numbers measured with each group-specific qPCR assay and with the "total-bacteria" assay (13) . In the analysis of qPCR data, Student t tests were used to determine the significance of pairs of mean values.
Nucleotide sequence accession numbers. The 16S rRNA gene sequences of a single representative of each OTU have been deposited in GenBank with accession numbers GU166607 to GU166679.
RESULTS
Detection of "Ca. Liberibacter asiaticus." In order to avoid the false-positive or false-negative effect of conventional PCR or qPCR, we combined the two methods to detect "Ca. Liberibacter asiaticus" in the root samples. Conventional PCR using primers A2 and J5, which target the 16S rRNA genes of "Ca. Liberibacter asiaticus," showed a band of approximately 703 bp in the infected root samples, which was not detected in uninfected samples (Fig. 1) . qPCR results showed the absence of "Ca. Liberibacter asiaticus" in the root samples of uninfected citrus trees. The number of "Ca. Liberibacter asiaticus" organisms in infected trees ranged from 2.94 ϫ 10 4 to 3.70 ϫ 10 5 genome equivalents g of total DNA Ϫ1 . Analysis of plant-associated bacterial communities by using clone libraries. 16S rRNA gene clone libraries were constructed from "Ca. Liberibacter asiaticus"-infected and uninfected citrus root samples. Out of a total of 576 clones, 20 were identified as chimeric sequences and 38 showed similarity with cyanobacteria; these were excluded from further analysis. A total of 241 and 277 clones from "Ca. Liberibacter asiaticus"-infected and uninfected root samples, respectively, were analyzed. Using the RDP classifier, these sequences were placed in a taxonomic hierarchy. A confidence limit of 50% in the RDP classifier was used in a previous study to provide taxonomic affiliations and to perform library comparisons (21) . We have chosen a more stringent confidence limit, 80%, in order to gain a better understanding of the prevailing levels of diversity in our clone libraries. The relative abundances of the main phyla, as determined with the 80% confidence level, are presented in Fig. 2 . Members of 4 different phyla were observed in infected samples, while the clone library of the uninfected samples comprised members of 6 phyla. Clones representing Bacteroidetes were found only in the clone library of infected samples, whereas the phyla Acidobacteria, Deinococcus-Thermus, and Actinobacteria were represented only in uninfected samples. There were significant differences in the actual percentages of members of different phyla (different classes for Proteobacteria) between the two clone libraries. The dominant bacterial groups (constituting Ն10% of clones) in uninfected samples were Alphaproteobacteria (32.6%), Betaproteobacteria and Actinobacteria (9.8%). A majority of the clones in the library from infected samples belonged to the Alphaproteobacteria (77.4%). The other group making a significant contribution was Bacteroidetes, members of which formed 9.9% of total clones in the library of symptomatic root samples. Although the class Alphaproteobacteria was found to be the most dominant group in both clone libraries, there was a significant difference in the actual number of clones between the two clone libraries.
The relatedness of representative clones (one for each taxon found) to their nearest relatives in the NCBI database is shown in Table 2 . Most of the clones showed Ն98% similarity to the known reference strains. In some cases, clearly distinct groups within one genus were observed. The clone libraries of infected and uninfected root samples consisted of bacteria belonging to 22 and 65 OTUs, respectively. The sequences related to Proteobacteria made up the largest fraction of the clone libraries. The group Alphaproteobacteria, comprising 14 and 9 OTUs in the uninfected and infected samples, respectively, was the dominant subclass of Proteobacteria. One hundred seventeen clones in the infected clone library showed 99% similarity with "Ca. Liberibacter asiaticus." This OTU was not represented in the uninfected clone library. Another major difference was in the abundance of clones showing similarity to the genus Methylobacterium. This group was represented by 6 OTUs with 51 clones in the infected library, while only 2 OTUs having 8 clones were found in the uninfected library. Prominent groups of the uninfected library were related to Caulobacter, Brevundimonas, and Mesorhizobium spp. These were not observed in the infected clone library.
The sequences related to Betaproteobacteria comprised 12 OTUs in the uninfected clone library, while none were found in the infected library. Two OTUs, including 18 clones, were identified as Burkholderia spp. Other prominent OTUs have clones showing high similarity to bacteria belonging to Delftia, Oxalobacter, and Achromobacter spp. The Gammaproteobacteria were represented by 13 (46 clones) and 4 (7 clones) OTUs in the uninfected and infected libraries, respectively. Clones related to the genus Pseudomonas were found in both clone libraries. A substantial number of clones showing 100% similarity to Lysobacter antibioticus, Pantoea ananatis, and Acinetobacter spp. were found in the uninfected clone library. The levels of phylogenetic diversity of Deltaproteobacteria, Acidobacteria, and Deinococcus-Thermus were much lower; each of these groups was affiliated with only 1 OTU in the uninfected clone library. Within the group Bacteriodetes, only 1 OTU, showing high similarity with Sphingobacterium daejeonense, was observed in the clone library from infected samples. However, this OTU consisted of a total of 22 clones and was the second most dominant group. Seven OTUs belonging to the group Actinobacteria were observed exclusively in the uninfected clone library. Within this group, there was one predominant OTU having 12 clones, and it showed similarity to a Curtobacterium sp. The uninfected clone library included 10 OTUs for the group Firmicutes, compared to only 3 in the infected clone library. Clones belonging to the genus Bacillus were observed in both clone libraries, while Paenibacillus, Cohnella, Brevibacterium, and Aerococcus were present only in the uninfected clone library. Thirty-two and 23 clones in the infected and uninfected libraries, respectively, could not be assigned to any bacterial taxon on the basis of 16S rRNA gene sequence similarity. Most of these clones showed similarity to uncultured bacterial clones from different soils or to endophytes from "Ca. Liberibacter asiaticus"-infected citrus leaves (38) .
Species richness estimation and diversity. Rarefaction curves of 16S rRNA gene clone libraries of root-associated bacteria from "Ca. Liberibacter asiaticus"-infected and uninfected citrus tree roots are presented in Fig. 3 . The rarefaction curves of both the clone libraries tended to plateau. This indicates that these two libraries are large enough to reflect the bacterial diversity of the respective samples. In pairwise comparisons, the uninfected clone library contained significantly higher 16S rRNA gene diversity, as reflected in the higher Chao 1 richness estimations (P Յ 0.01). Chao 1 richness estimations were 237.13 and 42.14 for the uninfected and infected clone libraries, respectively. Similarly, the Shannon-Weiner diversity index of the uninfected clone library (4.46) was significantly higher than that of the infected clone library (2.61). PCA revealed a clear separation between the two sets of libraries. Both the groups could be observed along the first axis of the ordination plot, which explains 69.21% of the observed variation. Comparison of the infected clone library with the uninfected clone library using LIBSHUFF statistics revealed that most of the OTU diversity in the infected samples was represented in uninfected samples and that the infected samples were not significantly different from the uninfected samples (P Յ 0.62). In contrast, comparison of the uninfected with the infected clone libraries showed that uninfected samples were significantly different (P Յ 0.05), in that they contained additional sequences that did not occur in the infected samples.
Phylotype analysis by qPCR. There was no significant difference in the total bacterial population, which ranged from 1.3 ϫ 10 5 to 2.9 ϫ 10 5 genome equivalents g of DNA Ϫ1 in "Ca. Liberibacter asiaticus"-infected root samples and from 1.9 ϫ 10 5 to 3.1 ϫ 10 5 genome equivalents g of DNA Ϫ1 in uninfected root samples. To determine the changes in different groups of bacteria, we have presented our results as fractional copy numbers, which provide a more accurate index of target abundances than the actual copy numbers, since they neutralize the bias produced by phylotypes with multiple copies of small-subunit (SSU) rRNA genes (4, 13). Clear differences in the fractional abundances of all the groups of bacteria were observed between "Ca. Liberibacter asiaticus"-infected and uninfected samples (Fig. 4) . The proportion of Alphaproteobacteria was significantly higher (P Յ 0.01) in "Ca. Liberibacter asiaticus"-infected root samples than in uninfected root samples. This is not surprising, since the HLB pathogen belongs to this group, and its infection might be the reason for the increase in the relative abundance of Alphaproteobacteria in the infected samples. The other group whose levels were higher in infected samples belonged to the phylum Bacteroidetes. The abundances of all other groups of bacteria were significantly higher in the uninfected root samples. In "Ca. Liberibacter asiaticus"-infected roots, a nearly 2-fold decrease in relative abundance was observed for Firmicutes and Betaproteobacteria (significant differences [P Յ 0.1]). The relative abundances of bacteria belonging to the Acidobacteria and Actinobacteria were nearly four times greater in uninfected than in "Ca.
Liberibacter asiaticus"-infected samples, a significant difference (P Յ 0.01).
DISCUSSION
Plants form a complex ecosystem in which many factors affect the structure and species composition of the associated bacterial communities (41) . The interactions between plants and bacteria are dynamic and can range from mutualism through commensalism to parasitism in a continuous manner (16, 35) . Plant-associated bacterial communities play an important role in plant growth and health, but only a few reports have addressed the effect of an invading pathogen on the stability of native microbial communities (2, 28, 29, 33, 48) . Therefore, this study was undertaken to provide insights into the nature and composition of bacteria associated with healthy plants and their shifts in relation to pathogen attack and infestation. In accordance with our assumption that plants function as true filters of soil organisms and select mostly the mutualists as their associates, we observed various beneficial phylotypes in the clone library from uninfected root samples. These phylotypes belonged to the genera Caulobacter, Burkholderia, Lysobacter, Pantoea, Pseudomonas, Stenotrophomonas, Bacillus, and Paenibacillus, and the representative OTUs of these genera found in the uninfected clone library have been studied in detail for various biocontrol and plant growth promotion traits (8, 12, 26, 35, 44) . Representatives of the phylum Actinobacteria, with the highest number of clones belonging to Curtobacterium spp., were observed only in the clone library from uninfected samples. Interestingly, Curtobacterium flaccumfaciens has been isolated frequently from asymptomatic sweet orange trees with citrus variegated chlorosis (CVC; caused by Xylella fastidiosa). It effectively controls CVC through the colonization of the same ecological niche and the production of three bacteriocins active against X. fastidiosa (2). We have not yet been able to demonstrate clearly whether the communities associated with healthy roots in fact promote disease suppression or whether their presence is simply a direct consequence of the absence of the pathogen. Nevertheless, the clear demonstration of differences in the bacterial communities associated with the roots of "Ca. Liberibacter asiaticus"-infected versus uninfected citrus trees certainly represents a good starting point for further analyses.
In the clone library from infected root samples, a majority of the clones showed similarity to "Ca. Liberibacter asiaticus," while this was not observed in uninfected root samples. We have previously used clone library and PhyloChip-based analyses to demonstrate the association of "Ca. Liberibacter asiaticus" with HLB in Florida (38) . Another major difference was in the abundance of bacteria belonging to the genus Methylobacterium, which was significantly greater in infected root samples. While studying the bacterial diversity of Citrus sinensis cultivars infected with CVC, Araújo et al. (2) observed a relationship between CVC symptoms and the frequency of isolation of species of Methylobacterium, which were frequently isolated from symptomatic plants. However, this group was not observed in the diversity analysis of "Ca. Liberibacter asiaticus"-infected leaf samples (38) . Another prominent group in infected samples that was not observed in uninfected samples matched with Sphingobacterium daejeonense. PhyloChip analysis has shown that representatives of this group were more abundant in HLB symptomatic leaves than in asymptomatic leaves (38) . The results of our study show that the disease could play a role in the establishment of a few groups of bacteria in the host plant. McSpadden Gardener and Weller (29) have also reported higher abundances of selected bacterial groups in the rhizosphere of wheat plants with take-all disease than in healthy plants.
Clone libraries are useful for identifying and characterizing the dominant bacterial types in environmental samples. However, to accurately describe the microbial diversity within a sample, clone libraries usually need to be quite large. There are, as yet, few studies in which the representativeness issue has been satisfactorily resolved (14) . Statistical techniques such as rarefaction analysis are therefore used to evaluate whether the clone library is sufficient to adequately cover the overall diversity (9, 32) . Rarefaction analysis showed that the number of clones screened in this study was sufficient to yield a realistic picture of diversity. Clone library analysis of plant-associated bacteria in "Ca. Liberibacter asiaticus"-infected and uninfected citrus tree roots revealed differences in the structures of their microbial communities. Diversity indices and LIBSHUFF statistics clearly showed higher bacterial diversity in uninfected samples. In general, pathogens induce a cascade of reactions in plants, leading to the synthesis of stress metabolites, including H 2 O 2 , phytoalexins, and stress signals such as abscicic acid, jasmonic acid, and salicylic acid (23) . The altered conditions after the pathogen attack could have variable effects on the survival and proliferation of different groups of bacteria. Microarray analysis has indicated that "Ca. Liberibacter asiaticus" infection significantly affected the expression of 624 genes, most of which were related to sugar metabolism, plant defense, phytohormone metabolism, and cell wall metabolism (22) . Our results suggest that infection by the HLB pathogen promoted the growth of only a few phylotypes and caused a shift in microbial diversity.
Only a few studies have dealt directly with changes in the diversity of plant-associated bacteria in response to pathogen infection. In accordance with previous studies, we also noticed shifts in the bacterial community in diseased plants, but there were large differences in the extent of these changes. We observed negative effects of the pathogen on the stability of the plant-associated bacterial community, in contrast to earlier studies, which have reported increases in bacterial diversity in pathogen-infested plants (33, 48) . Those investigators observed changes in the bacterial diversity of potato and avocado plants after infection by Erwinia carotovora and Phytopthora cinnamomi, respectively. Both of these pathogens cause rot, and the major virulence factor for both is the cell wall-degrading enzyme. The infection of host plants by these pathogens results in the degradation of the cell wall, which can allow the entry of various other bacteria into the plant system. "Ca. Liberibacter asiaticus," in accordance with its intracellular nature, lacks genes for the production of extracellular lytic enzymes (10) . Therefore, the reason for the differences in the microbial community could lie in the nature of the pathogen FIG. 4 . Relative abundances of the six bacterial groups in "Ca. Liberibacter asiaticus"-infected and uninfected citrus roots, as estimated using the qPCR assays. Error bars represent the standard errors of the means for three replicates. ‫,ء‬ P Յ 0.10; ‫,ءء‬ P Յ 0.05; ‫,ءءء‬ P Յ 0.01.
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TRIVEDI ET AL. APPL. ENVIRON. MICROBIOL. and in differences in the virulence mechanism involved in disease development. Pathogens affect microbial diversity not only qualitatively but also quantitatively. To provide a more in-depth examination of a microbial community than can be done with clone libraries alone, we have used qPCR as a complementary molecular technique for the determination of the relative abundances of the dominant groups of bacteria in the samples. The qPCR approach adopted in the present study was at the coarsest level of taxonomic resolution, which would mask the diversity within each taxon chosen (13) . Despite this, there were clear differences in the bacterial community structure between "Ca. Liberibacter asiaticus"-infected and uninfected samples. The results show that although the total number of bacteria remained the same, the relative proportions of certain groups changed significantly after "Ca. Liberibacter asiaticus" infection. The results of qPCR analysis support the trends observed in the clone libraries. The qPCR results also tended to show larger proportions of Alphaproteobacteria and Bacteroidetes in the infected root samples, while a reverse trend was observed for the other groups. Along with the clone library analysis, the qPCR results validate the postulation that competitive interactions between a pathogen and plant-associated bacteria shape the composition of the microbial community in plants.
The data from our study of bacterial diversity in "Ca. Liberibacter asiaticus"-infected and uninfected root samples are consistent with our initial hypothesis that microbial communities undergoing stress from invading pathogens tend to change their structure and diversity. In general, it appears that "Ca. Liberibacter asiaticus" infection restructures the microbial community: many of the species show reduced levels or are not detected and are replaced by other indigenous populations, which can better tolerate or adapt to the stress condition. These data indicate that infection of citrus by "Ca. Liberibacter asiaticus" has a profound effect on the structure and composition of the bacterial community associated with citrus tree roots. Examination of such interactions will help us to understand natural phenomena in the plant-microbe interactions and could lead us to applications resulting in sustainable resources, less impact on the environment, and disease management.
